A commercially available enzyme immunoassay (EIA) for the detection of Chlamydia trachomatis in human urogenital and conjunctival specimens was compared with isolation in cell culture for the detection of Chlamydia psittaci in vaginal and placental swabs from aborting ewes and swabs of aborted fetal tissues. The EIA on vaginal swabs collected from 10 ewes experimentally infected with C. psittaci had a sensitivity of 85.7% and a specificity of 85.7%. Vaginal swabs collected at the time of abortion or within 3 days were the best samples for detection of Chlamydia1 infection. The 29 vaginal swabs collected during this period from experimentally infected ewes were all strongly EIA-positive, and Chlamydia were isolated from 28. The EIA on vaginal swabs from 78 field cases of abortion had a sensitivity of 78.0% and a specificity of 76.8%. The EIA on swabs of cotyledons from 65 placentas had a sensitivity of 100% and a specificity of 75.0% compared with isolation in cell culture. The EIA on 57 swabs of fetal tissues or body fluids from 10 aborted fetuses or weak lambs from experimentally infected ewes had a sensitivity of 26.6% and a specificity of 88.1% compared with isolation in cell culture. Limitations of the EIA are discussed.
Chlamydia1 abortion, known as enzootic abortion of ewes, is a major cause of fetal loss in sheep. 1, 15, 24, [30] [31] [32] [33] The disease occurs worldwide and is the most commonly diagnosed cause of ovine abortion in many areas. 1, 7 Enzootic abortion of ewes is caused by ovine strains of Chlamydia psittaci which have a predilection for placental tissues. 1, 30, 32 Placental and fetal infections with this gram-negative bacterium result in abortion or in the birth of stillborn, moribund, or weak lambs 1, 12, 13, 31 In severe outbreaks, up to one-third of the ewes may be affected. 1, 15 Endemic disease in a flock may result in abortion rates of 1-5%. 1, 15, [30] [31] [32] [33] Diagnosis of Chlamydia1 abortion is generally based upon characteristic gross and light microscopic lesions in the placenta and demonstration of organisms in direct placental smears or in histologic sections. l3, 34 Other useful laboratory techniques include serology and examination of fluorescent antibody-stained impression smears or frozen sections of fetal tissues or placenta. l3 Gross and microscopic lesions in the fetus are often nonspecific. 13 Confirmation of a diagnosis of Chlamydia1 abortion by isolation of the organism in embryonated chicken eggs or cell culture is often difficult and time consuming 13, 31, 32 The placenta is the tissue of choice for chlamydial isolation. Generally, fetal tissues contain low numbers of viable Chlamydia? Chlamydia are readily inactivated in the course of intrauterine events that lead to fetal death. l5, 29, 33 In addition, bacterial contamination and unfavorable transport conditions further reduce the possibility of isolating this organism. 29 There is need for more rapid and reliable techniques for direct (non-culture) detection of Chlamydia in routine clinical specimens from sheep. Several commercially available tests, including microimmunofluorescence techniques for urethral and cervical smears, 6, 8, 34 immunohistochemical procedures for detection of Chlamydia1 inclusions in endometrial and cervical biopsies, l7 enzyme immunoassays, 5,6,9,1l,14,26,27 and DNA probe assays, 22 have been developed for the detection of Chlamydia trachomatis infection in humans. These tests have several advantages: speed of diagnosis, potential for automation, and ease of transport of specimens.
10,20,21 Currently diagnostic tests for direct detection of C. psittaci in animal specimens are not commercially available. An experimental enzyme-linked immunosorbent assay that utilizes monoclonal antibodies as an antigen capture system has been developed for diagnosis of Chlamydia1 abortions in sheep and goats. 28 Recently, another enzyme immunoassay for C. trachomatis has been used to detect C. psittaci in conjunctival swabs from cats. 37 In this study, an enzyme immunoassay (EIA) de-signed to detect the group antigen of C. trachomatis on human urethral, endocervical, or conjunctival swabs was compared with isolation in cell culture for detection of C. psittaci on ovine vaginal and placental swabs, and on swabs of aborted fetal tissues. Because this group antigen is present in both species of Chlamydia, this test will also detect C. psittaci.
Materials and methods

Collection and handling of specimens
Vaginal swabs from ewes infected experimentally with C. psittaci. Ten mature crossbred ewes (9 pregnant [8 midgestation, 1 early gestation], 1 non-pregnant) were inoculated intravenously with 1.0 ml of 0.01 M phosphate-buffered saline (PBS) (pH 7.4) containing l0 6 inclusion-forming units of strain B577 of C. psittaci. They were housed in isolation and observed twice daily for clinical signs of disease.
After inoculation, duplicate vaginal swabs were collected 2-3 times per week until abortion or lambing, daily for 3-5 days after abortion, and 2-4 times per week until euthanasia and necropsy. One swab was placed immediately in a 12-x 75mm polystyrene round-bottom tube containing 1 ml of Bovarnick's 3 phosphate buffer (pH 7.4) and held at 4 C for up to 24 hr before isolation was attempted. The other swab was placed in a collection tube (supplied with the EIA kit) and stored at 4 C for up to 5 days. These swabs were tested for Chlamydia1 antigen using the EIA, and the results were compared with isolation in cell culture.
Vaginal swabs from non-infected ewes lambing normally. Two vaginal swabs were collected simultaneously from each of 16 clinically normal ewes within 4 hr after normal lambing. One swab was used for Chlamydia1 isolation in cell culture and the other was tested by EIA.
Vaginal swabs from field cases of abortion. Two vaginal swabs from each of 78 aborted ewes were collected by veterinary practitioners. Swabs for Chlamydia1 isolation in cell culture were placed in 12-x 75-mm polystyrene roundbottom tubes containing l-2 ml of Bovarnick's 3 phosphate buffer. Specimens for EIA were placed in collection tubes and all samples were returned by mail and stored at 4 C before testing.
Placental swabs from experimentally infected ewes and field cases of abortion. Swabs of placental cotyledons were collected from each of 8 experimentally infected aborting ewes and tested for Chlamydia1 antigen with the EIA. The cotyledons were used for Chlamydia1 isolation in cell culture. Swabs for EIA analysis were also collected from ovine placentas that were submitted to the Iowa Veterinary Diagnostic Laboratory, Ames, Iowa. Representative samples were collected and submitted to the National Veterinary Services Laboratory, Ames, Iowa, for Chlamydia1 isolation in cell culture.
Swabs of fetal tissues and body fluids. Swabs of abomasal contents, lung, liver, abdominal or thoracic fluids, and the conjunctiva were collected from aborted fetuses and weak lambs from experimentally infected ewes. The swabs were stored at 4 C for up to 5 days and tested for Chlamydia1 antigen by EIA. Duplicate tissue sections were inoculated into cell culture.
EIA a
The EIA was performed according to the manufacturer's instructions. Briefly, 1 ml of dilution buffer (provided in the EIA kit) was added to each tube containing a swab specimen. Aliquots (200 µl) of vortexed field specimens and control specimens (3 negatives and 1 positive-supplied with the EIA kit) were pipetted into each of 1 well of a plastic microtiter plate. This test uses treated polystyrene beads that bind to C. trachomatis antigen. The nature of the coating of the beads was not specified by the manufacturer. One bead was added to each well, and the plate was incubated in a 37 C water bath for 60 min. Each bead was washed and 200 µ1 of C. trachomatis antibody (rabbit) was added to each well. After incubation (37 C water bath) for 60 min each bead was washed and reacted with 200 µ1 of horseradish peroxidaseconjugated antibody to rabbit IgG. After a third incubation (37 C water bath) and washing, the beads were transferred to individual clean plastic tubes (supplied with the EIA kit) and 300 µ1 of peroxidase substrate was added to each. The reaction was stopped after incubation for 30 min at room temperature. Results were determined using a spectrophotometer b at 492 nm. A specimen was considered positive if the optical density (OD) exceeded the mean of 3 negative control determinations plus 0.10 OD. Positive reactions were graded as follows: slight, 0.20-0.40; moderate, 0.40-l.0; and strong, 1.0-2.0.
Cell culture
Vaginal swabs. Vaginal swabs were diluted in 2 ml of cell culture medium composed of Eagle's minimum essential medium with Earle's balanced salts containing 20 mmol HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid); 5% fetal bovine serum; 5.4 mg/liter of glucose; 292 mg/liter of glutamine; 2 µg/ml of amphotericin B; 500 µg/ml each of streptomycin, vancomycin, and kanamycin; and 0.5 µg/ml of cyclohexamide. They were refrigerated overnight at 4 C. After vigorous vortex mixing the swabs were expressed and discarded. The fluid was centrifuged for 10 min at 700 x g at 20 C. The middle 1 ml of the supernatant was removed and 200 µ1 was inoculated into each of 2 wells of a 96-well plate containing either 24-hr confluent African green monkey (Vero) or mouse fibroblast (McCoy) cell monolayers. The inoculations were done in 4 plates to provide cultures for fixing at different times and for repassaging if necessary. Inoculated plates were centrifuged at 1,000 x g for 60 min at 35 C. The inoculum was removed and fresh medium was added to each well. After incubation at 37 C in 4% CO 2 , the cell monolayers were fixed with a 50% acetone-50% methanol mixture for 5-l0 min. One plate was fixed on day 3 and another on day 6. Monolayers were stained and examined for Chlamydia1 inclusions by an indirect FA technique using a group-reactive mouse monoclonal antibody to ovine chlamydial strain B577 and a fluorescein-conjugated anti-mouse immunoglobulin G c (IgG heavy and light chain specific) serum at a dilution of 1:30. 2 Wells were examined for inclusions with an epifluorescence microscope at x 125 to x 160 magnification. The number of Chlamydia1 inclusions per well on initial isolation was used to estimate the level of tissue infection. Positive cultures were graded as follows: low num- Placental and fetal tissues. Approximately 1 g of each tissue was minced using a mortar and pestle. A 10% (weight/ volume) suspension was prepared in cell culture medium. After overnight refrigeration at 4 C, samples were processed as previously described.
Placental impression smears
Smears of exudate from placental cotyledonary surfaces were stained by the method of Gimenez 37 and examined for Chlamydia1 organisms with light microscopy.
Results
Vaginal swabs from ewes infected experimentally with C. psittaci. Eight of 9 infected pregnant ewes either aborted in late gestation or gave birth to small (2.5-3.5 kg), weak lambs. Gross lesions in all the placentas included: multifocal necrosis and thickening of cotyledons and intercotyledonary placenta; hyperemia and hemorrhage; and diffuse intercotyledonary edema. Variable amounts of a thick yellow-brown exudate were often present on the chorionic surface. Numerous chlamydial organisms were seen in Gimenez-stained cotyledon smears as minute 0.3-0.6 µm red bodies among greenish blue-staining cell debris. High numbers of C. psittaci were isolated from each placenta. One pregnant ewe was killed and necropsied at 65 days postinoculation. The uterus contained 2 fetuses, each approximately 10-12 cm in length. No gross placental lesions were observed. However, low numbers of C. psittaci were isolated from the amniotic fluid.
The results from the 252 duplicate vaginal swabs collected from 10 experimentally infected ewes are shown in Table 1 . These samples represented swabs collected up to 90 days before and 60 days after abortion. For these samples the EIA had a sensitivity of 85.7% and a specificity of 85.7% compared with isolation in cell culture.
Generally, vaginal swabs collected from infected ewes up to l-3 days before abortion or lambing were EIAand isolation-negative. However, 9 of the 118 tested during this time were slightly to moderately positive (OD 0.2-0.9), and low numbers of Chlamydia were isolated from 5. The 15 swabs collected from the infected non-pregnant ewe were EIA-and isolation-negative. Vaginal swabs from 4 ewes (nos. 3, 6, 12, and 14) were strongly EIA-positive (OD ≥ 2.0) and culturepositive 1-3 days prior to abortion or lambing (Fig.  1) . These strongly positive vaginal samples coincided with the appearance of an abnormal vaginal discharge.
The 29 vaginal swabs collected from the 8 experimentally infected ewes at abortion or within 3 days after abortion were strongly EIA-positive (OD 1.8-22.0) ( Fig. 1 ). Moderate to high numbers of C. psittaci were isolated in cell culture from 28 of the 29 duplicate swabs.
There was marked individual variation in the length of time swabs were EIA-positive after abortion. Swabs collected from 3 ewes (nos. [12] [13] [14] were EIA-( Fig. 1 ) and isolation-negative after postabortion day (PAD) 5. Vaginal specimens collected from 3 ewes (nos. 1, 3, and 5) were EIA-( Fig. 1 ) and isolation-positive for 8-14 PAD. Samples from ewe no. 15 remained strongly EIA-positive (OD ≥ 2) until necropsy on PAD 19 (Fig.  1) ; however, Chlamydia were not isolated after PAD 9. Positive EIA results were obtained from swabs collected from ewe no. 6 until PAD 34 ( Fig. 1) and positive isolations were made to PAD 19. Overall, vaginal swabs collected from the 8 infected aborting ewes were EIApositive for an average of 10 PAD (range = 3-34 days). Positive Chlamydia1 isolations were made from swabs collected up to 19 PAD (range = 3-19 days, average = 8 days). 
Vaginal swabs from non-infected ewes lambing nor-
Vaginal swabs from field cases of abortion in ewes. mally. Vaginal swabs collected from 16 clinically nor-Seventy-eight vaginal swabs were examined by EIA ma1 ewes after lambing were EIA-and isolation-negand isolation in cell culture. Fifty-eight of these samative.
ples were collected from 5 to 21 PAD. The EIA had a sensitivity of 78.0% and a specificity of 76.8% compared with isolation in cell culture (Table 1) .
Placental swabs from experimentally infected ewes and field cases of abortion. Results from 65 placentas (8 experimentally infected and 57 field cases) examined by EIA and isolation in cell culture are shown in Table  1 . Placental swabs from 8 experimentally infected ewes and 5 isolation-confirmed field cases of Chlamydia1 abortion were strongly EIA-positive (OD ≥ 2.0). Swabs from 13 placentas from field cases were EIA-positive and isolation-negative. Severe necrotizing and suppurative placentitis was noted grossly and microscopically in 5 of these false EIA-positive placentas. Gimenez-stained microscopic sections contained numerous intracellular and extracellular minute 0.3-0.6-µm organisms consistent with Chlamydia. No gross or microscopic lesions were noted in 8 false EIA-positive placentas. Compared with isolation, the EIA had a sensitivity of 100% and a specificity of 75.0% ( Table  1) .
Swabs of fetal tissues or body fluids from experimentally infected ewes. Fifty-seven tissues or body fluids
from 10 fetuses or lambs were tested with the EIA and inoculated into cell culture (Table 1 ). Low numbers of Chlamydia were isolated from a total of 15 samples from 6 fetuses. Chlamydia were isolated from both the liver and lung from 5 fetuses. Abomasal contents and conjunctival swabs from 2 fetuses were also isolationpositive. One isolation was made from the kidney. Compared with isolation, the EIA had a sensitivity of 26.6% and a specificity of 88.1%. sensitivity of only 70-80%. 26, 36 Contaminating bacteria, specific antibodies, l8,l9 prolonged transport, improper storage conditions, advanced in utero autolysis, antibiotic therapy, and other poorly defined toxic factors in samples may interfere with Chlamydia1 isolation. In the present study, it is likely that some false EIA-positives were isolation failures rather than erroneous test results. Moreover, some of these specimens, particularly autolyzed placentas and vaginal swabs submitted from the field, may have contained nonviable organisms.
The EIA was a highly sensitive but relatively nonspecific test for detecting C. psittaci antigen in placentas from aborting ewes. The disappointing specificity of the EIA on these samples may have resulted from crossreactions with other gram-negative bacteria in heavily contaminated specimens. Several types of gram-negative bacteria, including some strains of Escherichia coli, have been shown to react positively with this immunoassay. 25, 35 Cross-reactions may occur because this immunoassay utilizes an antibody that reacts with Chlamydia1 lipopolysaccharide (LPS). l1,35 Chlamydia1 LPS possesses at least 3 distinct antigenic domains, 2 of which are shared by other gram-negative bacteria and 1 that is common only to members of the genus Chlamydia. 4 The anti-Chlamydia antibody in the EIA may recognize the LPS antigenic determinants that are shared with these other organisms. The potential for false positive EIA results due to cross-reactions with other bacteria is a serious limitation to the routine use of this test for evaluation of placental specimens.
In this study, cross-reactions of the EIA appeared to Discussion be less of a problem with vaginal swabs from aborting ewes. The consistently negative EIA results from vag-These results showed that the EIA was a relatively inal swabs collected from non-infected ewes with norsensitive detecting and C.
. relatively specific non-culture method for psittaci antigen in vaginal swabs. In the ma1 lambs indicated that the resident vaginal flora did not cross-react with the test. Vaginal swabs from 15 ewes with severe postpartum metritis due to a variety of bacteria, including E. coli, Klebsiella sp., Pseudomonas sp., Corynebacterium pyogenes, Ureaplasm sp., and streptococci, were tested with EIA and all were negative (T. P. Sanderson, unpublished data, 1988). Nevertheless, false positive EIA results may occur when testing vaginal swab specimens collected from ewes aborting due to infections with other gram-negative bacteria or from ewes with severe secondary gramnegative bacterial infections of the genital tract. present study, vaginal specimens collected from experimentally infected ewes were EIA-positive for up to 34 days after abortion; however, the range was 3-42 days (average = 10 days). Because of this variation, the optimum time of sampling is considered to be within the first 3 days after abortion. Vaginal specimens collected during this period from experimentally infected aborting ewes were strongly EIA-positive and contained large numbers of viable Chlamydia. Despite the limited number of samples, we believe that these results show that the EIA is a good test for demonstrating C. psittaci in vaginal swabs collected at abortion.
One major problem when evaluating diagnostic tests for Chlamydia1 infections is the absence of a reference method with 100% sensitivity. Cell culture has been the standard to which all direct tests have been compared; however, under optimal conditions, it has a
The relatively large numbers of false negative EIA results obtained from swabs of fetal tissues indicated that this immunoassay was unable to consistently detect the low numbers of Chlamydia that were present in some of these specimens. The amount of Chlamydia1 antigen present in these samples may have been below the limits of detection of this immunoassay. In a comparative study in this laboratory, it was determined that the EIA was at least 100 times less likely to detect C. psittaci than isolation in cell culture (A. A. Andersen, unpublished data, 1988). A swab specimen had to contain at least 300-400 Chlamydia1 elementary bodies to give a moderately positive (OD 0.4-0.5) EIA result. As few as 3-6 viable Chlamydia1 elementary bodies in a similar specimen were detected by isolation in cell culture. With less than optimal cultural conditions, the difference in sensitivity between these 2 methods is probably much less. This difference is less 5. to collect, readily available, and relatively clean samples for detecting Chlamydia1 infections in all aborting ewes.
This EIA is a relatively sensitive diagnostic test for direct detection of Chlamydia1 antigen in vaginal swabs collected from aborting ewes within 3 days after abortion and in swabs of placental cotyledons. The EIA is unable to consistently detect the low numbers of chlamydia that are present in aborted fetal tissues. The potential for cross-reactions with other gram-negative bacteria is a serious limitation, particularly when evaluating heavily contaminated placental samples. We believe the EIA is best suited for routine evaluation of vaginal swabs collected from ewes at abortion.
